The therapeutic efficacy of two novel bifurans and vancomycin in an animal model of a methicillin-resistant Staphylococcus aureus (MRSA) infection was compared. Adult male CF-1 mice (25-35 g) were intraperitoneally injected with 200 µL/mouse containing 10 7 cellforming units of MRSA. After 16 hours, animals were treated with 110 mg/kg of vancomycin, or 5 mg/kg of mononitrile bifuran (1A) or monocationic bifuran (1B) and killed after 8 hours.
Introduction
Sepsis caused by methicillin-resistant Staphylococcus aureus (MRSA) is a leading cause of severe diseases and mortality worldwide. Many organs are vulnerable to MRSA infections, including skin, kidney, and other organs, resulting in serious lifethreatening pathogenesis.
1 Community-and nosocomial-acquired MRSA are common pathogens with resistance towards various classes of antibiotics, including methicillin, penicillin, and amoxicillin. 2 Vancomycin has been the last choice for treatment of MRSA infection. However, in 2002 the emergence of vancomycin-resistant strains was reported in the USA. 3 The list of effective antibiotics against MRSA is getting shorter over time, as accumulating mutations in S. aureus are building up, threatening possible widespread infection. It is evident that there is an escalating need for novel and efficient antistaphylococcal agents to control such invasive strains.
Biologically active amidines such as pentamidine and furamidine have long been used as antimicrobial agents. 4, 5 A series of ten novel bichalcophene derivatives were synthesized to achieve maximum antimicrobial activity, low toxicity, and better pharmacological properties. 6 In our previous studies, these bichalcophenes showed promising in vitro antibacterial activity against Gram-negative and Gram-positive bacteria, including S. aureus. Bichalcophenes also had synergistic activity, increasing the inhibitory effect of tetracycline against bacterial growth and elongating the postantibiotic effect, and were not toxic to murine cells. 6 In the present study, the in vivo anti-MRSA activity of two selected bifurans from the bichalcophene series was investigated in adult male CF-1 mice. The efficacies of vancomycin and each of the tested bifurans on body and organ weight were compared in normal and MRSA infected animals. The effects of investigated bifurans on septicemia and on the bacterial count in kidney, spleen, and liver were determined. The MRSA infection poses an oxidative stress on cells through increasing tumor necrosis factor alpha (TNF-α), which results in a reduction in the cellular antioxidant milieu. 7 The effects of bifurans on TNF-α, interleukin-6 (IL-6), and lipid peroxidation, kidney, and liver functions, and on antioxidant and drugmetabolizing enzymes were investigated in normal and MRSA-challenged mice.
Materials and methods Chemicals
All reagents were purchased from Sigma (St Louis, MO), except where indicated in the specified methods.
Bacterial strains
MRSA ATCC 33593 was purchased from the American Type Culture Collection (ATCC; Manassas, VA). The strain was susceptible to vancomycin and resistant to methicillin, ampicillin, and ciprofloxacin (Table 1) . In all assays, inocula were prepared and diluted to contain 1.5 × 10 8 cell-forming units (CFU)/mL, which gave approximately 10 7 CFU/mouse in a volume of 200 µL.
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Animal treatment and biological sample preparation Adult male CF-1 mice (25-35 g) were obtained from the Faculty of Veterinary Medicine, King Faisal University, and were maintained in a humidity-and temperaturecontrolled environment on a 12-hour light/dark cycle with continuous free access to food and water. The mice were divided into seven groups, with five mice each. The first group (naïve) was injected with isotonic saline. Groups two and three were intraperitoneally injected with a single dose of either mononitrile bifuran ( Figure 1A ) or monocationic bifuran ( Figure 1B ) at 5 mg/kg and killed after 8 hours.
Groups 4-7 were injected with 200 µL/mouse containing 10 7 CFU of MRSA ATCC 33593 (MRSA). After 16 hours postinfection, groups 5-7 were injected intraperitoneally with either 110 mg/kg of vancomycin 8 or bifurans 1A or 1B at 5 mg/kg. After 8 hours posttreatment, all animals were sacrificed. Blood was collected and serum was immediately prepared, and the livers were quickly perfused in situ with ice-cold saline. The gallbladder was then carefully dissected away, and the remaining liver was homogenized in icecold buffer and subjected to centrifugation (9000 × g for 15 minutes), and the supernatant was collected. Protein content of the supernatant and serum was determined using Folin-Ciocalteu phenol reagent (Sigma), as described by Lowry et al, 9 and both were stored at −80°C until assayed for enzyme activity. All animal procedures were approved by the King Faisal University Ethics and Animal Care Committee and were conducted in agreement with National Institutes of Health guidelines for the humane care of laboratory animals. The plates were subjected to reading at 600 nm using a plate reader, and susceptibility results were interpreted according to the CLSI. 10 
Enzyme activity and biochemical analyses
Serum alanine aminotransferase (sALT) activity was determined from the serum-dependent absorbance change of NADH oxidation at 340 nm in the presence of l-alanine, α-ketoglutarate, and purified lactic dehydrogenase enzyme.
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The urea was hydrolyzed into ammonia and CO 2 and the indophenol formed from the reaction of ammonia with hypochlorite and salicylate was measured. 12 The γ-glutamyl transpeptidase (γ-GT) activity was determined from the rate of formation of 5-amino-2-nitrobenzoate from l-γ-glutamyl-3-carboxy-4-nitroanilide in the presence of glycylglycine at 405 nm. 13 TNF-α and IL-6 levels in serum were measured using Bender MedSystems (Vienna, Austria) kits as described by the manufacturer. Malondialdehyde (MDA) was measured through estimation of a stable chromophore formed from the reaction of a chromogenic reagent, N-methyl-2-phenylindole, with MDA at 45°C.
14 Glutathione (GSH) peroxidase activity was determined from the azide-insensitive rate of oxidation of NADPH in the presence of hydrogen peroxide, GSH, and GSH reductase. 15 GSH S-transferase (GST) activity was determined from the conjugation of GSH with 1-chloro-2,4-dinitrobenzene detected by the change in absorbance at 340 nm. 16 Catalase activity was measured from the rate of dismutation of hydrogen peroxide to water and molecular oxygen in a two-step coupling reaction. 17 Superoxide dismutase activity was measured in a coupling reaction through formation of formazan dye from tetrazolium salt by superoxide radicals generated by xanthine oxidase and hypoxanthine. 18 GSH reductase activity was measured from the rate of reduction of oxidized GSH by NADPH. 19 GSH reacts with 5,5′-dithiobis (2-nitrobenzoic acid), producing the disulfide form or oxidized GSH and 2-nitro-5-thiobenzoic acid (TNB). The rate of formation of TNB was monitored and GSH level was determined. 20 
Statistical analysis of data
Results are expressed as the means ± standard error of mean. Treated-group size was five animals. Statistical analyses were performed using analysis of variance, followed by Fisher's protected least significant difference multiple-range test. The data were compared against those from the control animals. Differences were considered significant at P , 0.05.
Results
On challenging mice with intraperitoneal injection of MRSA that was also resistant to ciprofloxacin and ampicillin, all animals developed bacteremia 24 hours postchallenge. The LD 50 of bifurans investigated was 50 mg/kg, at which 20 out of 40 mice developed severe toxicity and died within 24 hours. The injection of a single dose of these bifurans at 5 mg/kg resulted in a 100% survival rate in mice, and no toxicity signs appeared for 4 weeks postinjection. Intraperitoneal treatment of infected animals with a single dose of either vancomycin at 110 mg/kg or bifurans (1A or 1B) at 5 mg/kg for 8 hours resulted in significant reductions in the viable bacterial count in blood (Figure 2A ). Bifurans were as efficacious as vancomycin in reducing the bacterial count (log 10 CFU) significantly in liver ( Figure 2B ), kidney ( Figure 2C ), and spleen ( Figure 2D ) as compared to infected untreated animals. The number of colonies recovered from these organs was higher than that recovered from blood, but the reduction percentage from control was almost the same. The morphology and microscopic examination of all colonies were identical to those of the inoculation strain. Selected colonies recovered from all organs of mice injected with vancomycin were allowed to grow overnight and showed the same resistance pattern as the strain used for injection of mice (Table 1) . On the other hand, colonies recovered submit your manuscript | www.dovepress.com Dovepress Dovepress from livers and kidneys of mice injected with either bifuran investigated lost the initial resistance pattern and became susceptible to ampicillin, methicillin, or ciprofloxacin at 4 µg/mL and remained so after three passages (Table 1) . However, colonies recovered from spleens of mice injected with 1A did not lose the initial resistance pattern, while those isolated from spleens of mice treated with 1B lost the initial resistance profile (Table 1) .
Treatment with bifurans did not cause significant changes in body-weight gain nor in relative organ-weight percentage compared to control uninfected mice (Table 2) . Injecting bacteria elevated the weight of all organs, but these elevations did not achieve statistical significance ( Table 2 ).
None of the tested bifurans caused any change in the activity of serum alanine aminotransferase, indicating no hepatotoxicity at the dosing regimen used. MRSA infection caused a significant elevation in the activity of the enzyme in serum (Figure 3 ). Bifurans were as effective as vancomycin in reducing the serum activity of the enzyme compared to infected untreated animals. Similar findings were reported for γ-GT, another enzyme investigated as a marker of disorders in many organs. Bifurans were more efficacious than vancomycin in reducing the elevated activity of the enzyme (Figure 3) . The MRSA infection significantly elevated the serum urea level in mice, but compounds 1A and 1B were able to restore normal levels (Table 3) , while vancomycin did not affect the urea level in infected animals.
The bacterial infection elevated the hepatic MDA level (lipid peroxidation marker) as compared to control bacteriafree animals. Treating infected mice with vancomycin or bifurans significantly reduced the hepatic MDA level. Compound 1B was superior to the other bifuran investigated, and both were superior to vancomycin in reducing the 
Notes:
a Indicates a significant difference (P , 0.05) from control; b indicates a significant difference (P , 0.05) from MrSA-infected group. *Mean ± SEM, n = 5. elevated MDA level compared to infected untreated animals ( Table 3 ). Treating mice with compound 1A significantly elevated the reduced GSH level in liver in control animals. Bacterial infection significantly reduced hepatic GSH level compared to uninfected animals. Treating infected animals with either vancomycin (P , 0.05) or both bifurans (P , 0.001) significantly elevated the hepatic GSH content (Table 3 ) compared to infected untreated animals. The proinflammatory cytokines investigated (TNF-α and IL-6) were elevated in mice infected with resistant bacteria. Treating mice with either vancomycin or bifurans (1A or 1B) reduced both TNF-α and IL-6 levels in serum compared to infected untreated mice (Figure 4 ).
Challenging animals with bacteria elevated GSH reductase (GR) and GSH peroxidase (GPx) activities in liver. Treating infected animals with vancomycin or any of the bifurans under study significantly reduced the activities of the enzymes to normal control levels ( Figure 5 ). Treating uninfected mice with compound 1B elevated GPx activity compared to control mice. None of the treatments significantly affected superoxide dismutase activity in liver (Table 4) . Bacterial infection in mice resulted in a significant reduction in catalase activity compared to control uninfected mice. With the exception of this reduction in catalase activity, none of the treatments significantly affected hepatic catalase activity (Table 4) . Challenging mice with bacteria also resulted in a significant reduction in GST activity compared to control. On treating infected mice with vancomycin, enzyme activity was elevated compared to infected untreated animals. Treatment of infected mice with either bifuran investigated did not significantly affect the enzyme activity (Table 4) .
Discussion
The rate of emergence of antibiotic-resistant S. aureus exceeds the rate of development of efficacious antistaphylococcal agents, posing a serious threat to public health and requiring a continuous effort for developing such agents. In the submit your manuscript | www.dovepress.com Dovepress Dovepress present study, two novel bifurans (1A and 1B) at a low dose of 5 mg/kg were injected into mice challenged with MRSA, and their effects were compared with vancomycin at 110 mg/kg. In our previous study, these bifurans were shown to exert significant antibacterial activities against S. aureus with minimum inhibitory concentration values for both bifurans at 32 µM. Escherichia coli failed to develop resistance against these agents after 6-7 days. 6 In the present study, neither of the bifurans nor vancomycin at the dosing regimens used caused any toxicity to the animals, as indicated from the general appearance, body weight, organ weight, and the activity of sALT. MRSA infection caused insignificant (Table 2) , which is in accordance with a previous report. 7 Bifurans and vancomycin significantly reduced the bacteremia and organ infection in kidney, liver, and spleen (Figure 2A-D) . The ability of bifurans to exert these effects after a single dose and for a short time reflects the high absorption rate into these organs. The short period of exposure to bifurans and MRSA in this animal model was selected to reduce interference from the host defense mechanisms. The used bifurans were able to resensitize MRSA to methicillin, ampicillin, and ciprofloxacin (Table 1) , which may indicate the potential of such antistaphylocoocal compounds to abolish the expression of some resistance genes involved in cell-wall biosynthesis, reflecting the ability of these small molecules to overcome the cell-membrane barrier. 21 In a previous study, a dicationic bifuran similar to 1B was reported to bind specific human telomeric quadruplex in more than one groove. 22 MRSA affects many organs through oxidative pathways, disturbing the cellular oxidant-antioxidant balance. 3 MRSA resulted in significant elevations in TNF-α and IL-6 (Figure 4) , which can lead to oxidative stress. 23 This is in agreement with many previous reports.
23 -25 Elevations in cytokines such as IL-6 caused by MRSA enhance the pathogenesis of MRSA-associated diseases such as glomerulonephritis and nephritis. 26, 27 This may explain the elevations in serum urea level (Table 3 ) and the activity of γ-GT (Figure 3) caused by MRSA, which could be attributed to the inability of kidneys to dispose of urea and/or damage of the brush border. Bifurans ameliorated these elevations in urea level and γ-GT activity. One of the caveats of using vancomycin is the burden of nephrotoxicity it causes in about 17% of people, 28, 29 which is always marked by changes in serum urea level. In the current study, vancomycin did not ameliorate the elevation in urea level caused by MRSA. MRSA infection also resulted in significant reductions in the activities of hepatic GST and catalase (Table 4 ) and in the hepatic GSH content (Table 3) . Similar findings were previously reported in spleen. 3 Bifurans, similar to vancomycin, were able to ameliorate these effects, resulting in significant reductions in TNF-α and IL-6 and elevations in hepatic GSH level, but only vancomycin was able to cause an elevation in GST activity in infected mice. This suggests that oxidative stress and free radicals produced by resistant S. aureus and the associated damage in cellular antioxidants play an important role in the pathogenesis of this bacterium. 3 MRSA caused a significant elevation in hepatic MDA, indicating a high rate of lipid peroxidation, which is known to disturb the integrity of cellular membranes, leading to severe cell damage and loss of enzymes and activity. 7, 24 The ability of bifurans and vancomycin to inhibit lipid peroxidation in liver can be arranged in the following order: 1B . 1A . vancomycin (Table 3) . A similar order was shown on measuring the antioxidant activity of bifurans: compound 1B had an activity equivalent to ∼66% of vitamin C activity, while compound 1A activity was equivalent to ∼34% at the investigated concentration range of 50-500 µM (data not shown). In addition to the antioxidant effects, the change in resistance pattern in colonies recovered from liver, kidney, and spleen suggests a molecular change in the bacterial genome, but further investigation is required.
MRSA resulted in an elevation in hepatic GPx activity ( Figure 5 ) and a reduction in catalase activity (Table 4) , and both are responsible for scavenging and decomposition of hydrogen peroxide, but GPx is nonspecific and can scavenge other hydroperoxides. The elevations in GR and GPx activities ( Figure 5 ) caused by MRSA could be a compensation mechanism. Both bifurans and vancomycin reduced the activities of GR and GPx elevated by MRSA. This is contradictory to what Chakraborty et al found in the spleens of Swiss mice, where they mentioned that vancomycin-resistant S. aureus reduced the activities of superoxide dismutase, GPx, and GR and vancomycin restored the activities of these enzymes. 3 With the paucity of information in the literature about the effects of resistant S. aureus on cellular antioxidant status, this contradiction could be attributed to the difference in exposure period (10 days versus 24 hours) or the high dose of vancomycin they used (500 mg/kg/day for 10 days versus a single dose of 110 mg/kg).
Conclusion
The bactericidal activity of the investigated bifurans observed in vitro was confirmed in mice. The efficacy of bifurans at a dose of as low as 5 mg/kg was similar to that of vancomycin at a dose of 110 mg/kg in eradication of MRSA infection in a murine model. Although compound 1B (monocationic bifuran) was superior to compound 1A (mononitrile bifuran) in our previous in vitro studies, in the present study this structure-based differentiation was less evident. With the exception of elevation of GSH caused by 1A and GPx activity caused by 1B in healthy animals, both bifurans were very much similar. However, in a few instances, 1B was different from 1A. Only 1B resulted in loss of the initial resistance pattern of the MRSA recovered from spleen. In addition, 1B was statistically better than 1A in reducing the elevation in hepatic MDA and serum urea levels caused by MRSA infection, and neither bifuran caused any nephrotoxicity within the time limits of the experiment. Although further studies are needed for the pharmacokinetics and metabolism of these agents, a common metabolic pathway resulting in similar active metabolite(s) is possible. It was suggested that the cyano group in 1A and amidine in 1B could be converted into amide group through the action of cytochrome P450 3A4. 30 These findings, along with previous studies, support further evaluation of the efficacy of these bifurans in clinical studies.
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